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Background: Irisin is a cytokine produced by skeletal muscle and usually plays a pivotal role
in inducing fat browning and regulating energy expenditure. In recent years, it was found that
irisin might be the molecular entity responsible for muscle—bone connectivity and is useful in
osteogenesis induction.

Materials and methods: To study its effect on bone regeneration, we developed silk/cal-
cium silicate/sodium alginate (SCS) composite scaffold based on an interpenetrating network
hydrogel containing silk fibroin, calcium silicate, sodium alginate. Then we loaded irisin on
the SCS before coating it with polyvinyl alcohol (PVA). The SCS/P scaffold was physically
characterized and some in vitro and in vivo experiments were carried out to evaluate the scaf-
fold effect on bone regeneration.

Results: The SCS/P scaffold was showed a porous sponge structure pursuant to scanning
electron microscopy analysis. The release kinetics assay demonstrated that irisin was stably
released from the irisin-loaded hybrid system (i/SCS/P system) to 50% within 7 days. More-
over, osteoinductive studies using bone marrow stem cells (BMSCs) in vitro exhibited the i/
SCS/P system improved the activity of alkaline phosphatase (ALP) and enhanced the expres-
sion levels of a series of osteogenic markers containing Runx-2, ALP, BMP2, Osterix, OCN,
and OPN. Alizarin red staining also demonstrated the promotion of osteogenesis induced by
i/SCS/P scaffolds. In addition, in vivo studies showed that increased bone regeneration with
better mineralization and higher quality was found during the repair of rat calvarial defects
through utilizing the i/SCS/P system.

Conclusion: These data provided strong evidence that the composite i/SCS/P would be a
promising substitute for bone tissue engineering.

Keywords: silk fibroin, biocompatible scaffold, bone regeneration, irisin, delivery vehicle

Introduction

Bone tissue is a complex organ that contains a collagenous fibrous matrix and
nanocrystals of carbonated apatite. Bones play an important role in organisms.
In addition to providing machinal support and protection, bones also participate in ion
homeostasis and hematopoiesis.'* Conditions such as trauma, tumors, and inflamma-
tion will impair the structure and functions of bone, thus resulting in bone defects that,
in turn, significantly impact psychological health and the quality of life.’ To overcome
the limitations of traditional bone grafting, tissue engineering has become the strategy
with the most potential for the clinical treatment of bone defects.® Tissue engineering
approaches are mainly based on the use of scaffolding biomaterials, seed cells
and growth factors/molecules.’

submit your manuscript
o
in

Dove

http:

International Journal of Nanomedicine 2019:14 1451-1467 1451
© 2019 Xin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms php

T2 2and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S193544
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:xinquanj@aliyun.com
mailto:linya.lingyancao@gmail.com

Xin et al

Dove

Bone regeneration involves many bioactive factors with
different effectiveness characteristics among the miscella-
neous growth factors involved in bone tissue engineering.® !
The bioactive molecules involved in muscle—bone connec-
tion should be stressed due to the close relationship between
skeletal muscle and bone.'? Physical exercise, which is
utilized as a nonpharmacological intervention in treatment
protocols for some diseases, has been considered as being
advantageous to metabolic and bone health.!*!* Numerous
studies have been designed to detect the molecules involved
in the link between physical activity and bone acquisition and
maintenance.'’ In recent years, attention has focused on irisin,
which is a cytokine produced by skeletal muscle that exerts
a hormone-like effect.! It has been demonstrated that irisin
plays pivotal roles in inducing fat browning and regulating
energy expenditure.'”" It is reported that myokine irisin is
potentially the molecular entity responsible for muscle—bone
connectivity.?’ Many studies have reported that irisin could
be found in the circulation and generated by skeletal muscle
during physical activity.?! Irisin has also been investigated as
a point of connection between bone metabolism and physi-
cal activity* due to its ability to induce the differentiation of
BMSCs into mature osteoblasts.'? Hence, irisin might be
selected as an effective factor to induce bone regeneration.

To load and protect irisin against degradation for in vivo
applications, a delivery system is necessary since it could
provide a local retention and activity protection of irisin.?*2
Previously, we prepared silk/calcium silicate/sodium alginate
(SCS) composite scaffolds, which showed compatibility
with bone marrow stem cells (BMSCs) and good biologi-
cal properties.* The porous structure could provide growth
spaces for cells, and release of ions such as Ca and Si from
the scaffold might promote the osteogenesis of BMSCs.
These advantages of SCS scaffolds indicate that it may be
used as a vector as a marginally aggressive biomaterial for
osteogenesis in vivo. However, for the controlled release of
general proteins, especially for that of irisin (12-36 kDa,
several nanometers of dimer size measured by PyMOL,
version 2.2.3, Schrodinger LLC, New York, NY USA),”
the pore size of the SCS scaffold, which is approximately
hundreds of micrometers, seems rather large. Therefore,
modification of the SCS scaffold was necessary for better
control of the release of irisin. Polyvinyl alcohol (PVA)
is a hydrophilic polymer with a large number of hydroxyl
groups in its molecular structure. It is especially suitable
for the application in the biomedical field because of its
nontoxicity, nonimmunogenicity, noncarcinogenicity, good
biocompatibility, and inertness in body fluids.?® At present,
PVA has been widely used as the surface-coating material

for controlled drug release. ' Therefore, PVA could be
chosen in this study to coat the SCS scaffold. It is suspected
that after loaded with irisin, SCS scaffold would be treated
with a very quick soak in PVA aqueous solution and then
dried at room temperature to form a PVA membrane outside
the scaffold. The pores on the scaffold surface were assumed
to be covered by the PVA membrane and the rapid diffusion
release of the absorbed irisin in these pores, which mainly
contribute to the burst release of irisin, might be remarkably
decreased until the dissolution of PVA.

The objective of the present study was to detect the poten-
tial of irisin usage as a bioactive factor for bone tissue regen-
eration in vivo using the SCS scaffold as a delivery vehicle.
We aimed to develop a composite scaffold based on a hydrogel
with a stable dual network structure. We introduced calcium
silicate (CS) into the blend of silk fibroin (SF) solution and
sodium alginate (SA) solution. With the addition of vitamin
C (VC), uniformly distributed CS particles were induced to
release Ca®* in the mixture gradually. Meanwhile, SF could gel
through a Ca**-triggered -sheet conformation, and SA could
be crosslinked by Ca*". Thus, the blend could in situ form an
interpenetrating network hydrogel. After lyophilization, we
obtained the scaffold and used it for irisin delivery. For a pro-
longed release of irisin, a coating layer made from PVA was
developed on the surface of the irisin-loaded scaffold. In this
study, a series of tests was performed to assess the effects of
the irisin-loaded composite scaffold (/SCS/P) on osteogenesis
and bone regeneration in vivo. We hypothesized that the i/
SCS/P scaffold would not only deliver irisin but also help
promote its osteogenic ability by releasing pro-osteogenic ions
(Figure 1). The synergy between irisin and the SCS/P scaffold
might be a promising strategy for use in bone regeneration.

Materials and methods
Fabrication of SCS, SCS/P, and i/SCS/P

composite scaffolds

The SF/CS/SA (SCS) scaffolds were prepared according to
our previous method.?® In short, SF was first extracted from
domesticated silkworm cocoons.?® Then, we prepared 6%
(w/v) SF, 2% (w/v) SA (Sigma-Aldrich Co., St Louis, MO,
USA) and 10% (w/v) VC aqueous solutions for subsequent
use. Next, 10.5 mg of CS particles was added to a 1 mL mixed
solution of silk fibroin and sodium alginate (SF/SA, V/V=7/3)
and dispersed uniformly. Then, 100 uL of the VC aqueous
solution was slowly dropped into the SF/CS/SA mixed solu-
tion under stirring, and the mixture was then poured into a
cylindrical polytetrafluoroethylene mold and allowed to gel at
37°C. The resulting composite hydrogel was then subjected to
freeze-drying. To prepare the biocompatible scaffold loaded
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Figure | Schematic diagram of preparation of irisin loaded SCS/P scaffold and its application for bone regeneration.
Abbreviations: SF, silk fibroin; CS, calcium silicate; SA, sodium alginate; SCS, silk/calcium silicate/sodium alginate; BMSCs, bone marrow stem cells; i/SCS/P, irisin-loaded silk/
calcium silicate/sodium alginate/PVA composite scaffold; SCS/P, silk/calcium silicate/sodium alginate/PVA.

with irisin, an irisin aqueous solution containing a certain
amount of irisin was uniformly dropped onto the SCS scaf-
fold (10 mm diameter, 3 mm height) and then lyophilized.
The lyophilized irisin-loaded SCS scaffold was placed in a
10% PV A aqueous solution for 10 minutes and then dried at
room temperature to form a PVA coating layer. We named
this irisin-loaded scaffold i/SCS/P. For the composite scaffold
without irisin, we named it SCS/P.

Scaffold characterization
The surfaces of the SCS and SCS/P scaffolds were observed
by scanning electron microscopy (SEM, SU8220, Hitachi

Ltd., Tokyo, Japan). At least five fields were acquired and
imaged for each substrate, and the pore size was measured
by a blinded observer using the ImageJ 1.45 software (NIH,
Bethesda, MD, USA). The elemental composition of the
scaffold surface and its distribution was further determined
by energy dispersive spectroscopy (EDS, Ultim Max,
Oxford Instruments, Abingdon, Oxfordshire, UK). The
swelling and degradation properties of the SCS and SCS/P
scaffolds were investigated as described below. The sample
was weighed (W1) immediately after freeze-drying and
then immersed in PBS at 37°C. At each determined time
point, the sample was taken out, washed, and the excess
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buffer on the scaffold was blotted with filter paper. The
weight of the wet sample (W2) and that of the freeze-dried
sample (W2) was recorded. The swelling and degradation
ratio were respectively calculated according to the formu-
las Swelling%=[(W2-W1)/W1]x100% and degradation
ratio %=(W1-W2")/W1 x100%. In order to confirm the deg-
radation of the prepared scaffolds in protease XIV solution,
we carried out the investigations according to the reported
procedures.’? The sample was weighed (W3) immediately
after freeze-drying and then immersed in deionized water
for 24 hours to leach out soluble peptides. After that, the
sample was immersed in 5 mL of protease XIV solution
(0.23 ng/mL) at 37°C. Protease XIV from Streptomyces
griseus (specific activity: =3.5 U/mg protein) was pur-
chased from Sigma-Aldrich Co. At 1, 2, 3, 4 and 5 day, the
sample was taken out and washed with deionized water
for 48 hours, respectively. After washing, the sample was
freeze-dried and weighed (W4). Degradation ratio %=(W3—
W4)/W3 x100%. Each test was carried out in triplicate, and
the results were expressed as the mean + SD values. The
compression performance of the SCS and SCS/P scaffold
(10 mm diameter, 3 mm height) was measured using an elec-
tronic universal testing machine (HY-0230, Hengyi Testing
Instruments, Shanghai, China) at room temperature under a
constant strain rate of 2 mm/min. The elastic modulus of the
scaffold was determined by plotting the stress—strain curve
and calculating the slope of the curve within 50% of the
deformation, while the corresponding stress was considered
to be the compressive strength within 50% deformation.
Six replicates per group were tested, and the results were
expressed as the mean + SD. In addition, the sample was
immersed in PBS, and the pH of the environmental solution
at different time points within 24 hours was measured using
apHS-2C system (Jinke Leici Company, Shanghai, China)
to evaluate the acidity and alkalinity of the SCS/P scaffold.

Bioactivity of the SCS/P scaffolds

Each sample of SCS/P scaffold was immersed in 30 mL of
simulated body fluid (SBF) at 37°C. The SBF solution was
preconfigured according to the reported protocol.** After
soaking for 7 days, the sample was taken out for washing and
then lyophilized. The surface morphology of the immersed
scaffold was observed by SEM (S-3400, Hitachi Ltd.). The
crystal structure of the scaffold surface before and after
soaking was analyzed by X-ray diffractometry (XRD, PANa-
lytical B.V, Almelo, the Netherlands) at room temperature.
Cu Ko radiation, a scanning speed of 2°/min and a 26 angle
range of 10° to 70° were selected as the detection parameters.

Release kinetics of irisin from the i/SCS/P

scaffold

The i/SCS/P scaffold (10 mm diameter, 3 mm height) loaded
with 2 pg irisin was placed in 5 mL of PBS (pH 7.4) and
stirred at 15 rpm. At each predetermined time point, 1 mL of
the supernatant containing the released irisin was separately
collected after centrifugation (10,000 x g, 37°C, 10 minutes)
and replaced with an equal volume of fresh PBS buffer. The
concentration of irisin in the supernatant was determined
using a Human Irisin ELISA Kit (Sigma-Aldrich Co.)
according to the manufacturer’s instructions, and then the
cumulative release of irisin at each time point was calculated.
Each test was carried out in triplicate, and the results were
expressed as the mean £ SD values.

In vitro biological investigations

Extraction and culture of bone marrow stem cells
(BMSCs)

Rat BMSCs were isolated from 4-week-old Sprague
Dawley rats (Shanghai SLAC Experimental Animal Center,
Shanghai, China). According to previous studies,* the
femur was isolated and cut at the epiphysis after the rat was
intraperitoneally injected with pentobarbital for euthanasia.
Bone marrow was flushed quickly using DMEM supple-
mented with 10% FBS (Thermo Fisher Scientific, Waltham,
MA, USA), 100 U/mL penicillin, and 100 pg/mL strepto-
mycin and collected by centrifugation. The harvested cells
were incubated in the abovementioned DMEM at 37°C in
humidified air/5% CO,. The culture medium was changed
every 3 days. All animals were from the Animal Center of
Shanghai Ninth People’s Hospital. All experimental proto-
cols regarding the use of animals in this study were approved
by the Institutional Animal Care and Use Committee and
followed the procedure for Animal Experimental Ethical
Inspection of the Ninth People’s Hospital, which is affiliated
with Shanghai Jiao Tong University School of Medicine.

Biocompatibility of the SCS and SCS/P scaffolds

BMSCs were seeded into 24-well culture plates at a seeding
density of 5*10%well. After 12 hours, the SCS and SCS/P
scaffolds were placed in a transwell chamber and indirect
cultured with BMSCs, respectively. According to the
manufacturer’s protocol, after 1, 3, and 7 days of culture,
the medium was exchanged with fresh medium containing
CCK-8 reagent (Dojindo, Kumamoto, Japan), followed by
incubation at 37°C for another 1.5 hour. Then, the absorbance
of the solution at 490 nm was measured using a microplate
reader (Spark 10M, Tecan, Switzerland). Cells seeded into
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DMEM containing 10% FBS inoculated onto a well plate
without indirect culture with the scaffolds were used as a
control group.

Effect of irisin on cell proliferation

BMSCs were seeded into 96-well culture plates at a seeding
density of 5*10%well. After 12 hours, the culture medium con-
taining different concentrations of irisin (50, 100, 200 pg/L)
was replaced. According to the manufacturer’s protocol, after
1, 3, and 7 days of culture, CCK-8 reagent (Dojindo) was
used for another 1.5 hours of incubation at 37°C to detect
cell proliferation. The absorbance of the solution at 490 nm
was measured using a microplate reader (Spark 10M). Cells
seeded onto a culture plate supplemented with DMEM con-
taining 10% FBS were used as a control group.

Bioactivity of the released irisin

For the bioactivity assessment of the released irisin, an
i/SCS/P scaffold (10 mm diameter, 3 mm height) loaded
with 2 ug irisin was incubated in 5 mL culture medium
(DMEM containing 10% FBS) at 37°C for, respectively,
4 hours, 12 hours, and 7 days. Under sterile conditions,
the supernatants were respectively gathered by centrifuga-
tion at each scheduled time. The irisin concentration in the
supernatant was determined using a Human Irisin ELISA
Kit (Sigma-Aldrich Co.). Then, the biological activity of
the released irisin was evaluated by measuring the ability
of the extract of i/SCS/P scaffold to induce alkaline phos-
phatase (ALP) activity in BMSCs. BMSCs were seeded
at density of 5*10* cells/well into 24-well culture plates
and allowed to fully adhere. The supernatants contain-
ing the released irisin collected at 4 hours, 12 hours, and
7 days were then used to culture BMSCs. Culture medium
containing equal amounts of irisin was also prepared as
a control to culture BMSCs. An ALP activity assay was
performed 3 days later, and the results were normalized to
the total protein content. To visualize the ability of irisin
released from the i/SCS/P scaffolds to induce ALP activ-
ity in BMSCs, we seeded BMSCs into 48-well plates at
a density of 3*10* cells/well. The extract of the i/SCS/P
scaffold obtained above was used for BMSCs culture.
BMSCs cultured with the extracts of SCS/P scaffolds
were used as a control. After 7 days, a BCIP/NBT alkaline
phosphatase color development kit (Beyotime, Shanghai,
China) was used for ALP staining according to the instruc-
tion manual. After 28 days of culture, alizarin red S (ARS)
staining (Beyotime, Shanghai, China) was utilized to
evaluate the matrix mineralization. Both ALP staining and

the mineralized matrix were observed through an inverted
optical microscope (Nikon Corporation, Tokyo, Japan).

Quantitative real-time PCR (qRT-PCR) assay

BMSCs were seeded into 48-well plates at a density of 3*10*
cells/well. After adhesion, the extract of the i/SCS/P scaffold
was replaced into each well for BMSCs culture, while the
extract of the SCS/P scaffold was used as a control. The total
RNA was isolated from BMSCs using TRIzol™ reagent
(Thermo Fisher Scientific) after 3 and 7 days of culture,
respectively. The RNA concentration was determined using a
NanoDrop spectrophotometer (ND-1000; Thermo Fisher Sci-
entific), and cDNA synthesis was carried out using a reverse
transcription kit (Takara, Tokyo, Japan). qRT-PCR analy-
sis of osteogenic markers such as RUNX2, ALP, Osterix,
BMP2, OCN, and OPN was performed using a ROCHE480
real-time PCR system (LightCycler480, Hoffman-La Roche
Ltd., Basel, Switzerland). Normalization was performed using
GAPDH as an internalization gene. The gene expression
of the control group was taken as 1, and those of the other
groups were expressed as changes in terms of relative fold
for data analysis. The primer sequences used in this experi-
ment were commercially synthesized, and the specific primer
sets are listed in Table 1. All experiments were carried out
in triplicate.

Repair of calvarial defect in vivo

Surgical procedures

Twelve male Sprague Dawley rats of 4 weeks old were used.
As described previously,* a circular defect of 5 mm in diam-
eter was surgically excised on both sides of the skull after
anesthesia. All rats were randomly divided into four groups
(three in each group, with each group containing six defects)
for implantation of the four different kinds of scaffolds into
the skull defects (blank: no implantation; 0: implantation of
SCS/P scaffold; 100: implantation of i/SCS/P scaffold con-
taining 100 ng irisin; and 200: implantation of i/SCS/P scaf-
fold containing 200 ng irisin). The incision was then sterilized
and sutured. Animals were then subcutaneously injected with
antibiotics (streptomycin and penicillin) to prevent infection.
At 8 weeks postoperation, the animals were sacrificed, and
tissue blocks including the original defect sites were cut out
and fixed in 4% paraformaldehyde for subsequent study.

Microcomputed tomography (LCT) analysis

The fixed tissue samples were scanned using a high-resolution
UCT (UCT-80, Scanco Medical AG, Zurich, Switzerland)
to observe and evaluate the morphology and quality of
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Table | Quantitative real-time PCR primer sets

Gene Direction Sequence (5'-3")
RUX-2 Forward GCGGACGAGGCAAGAGTT
Reverse TTGGTGCTGAGTTCAGGGAG
ALP Forward TCACTTCCGCCCGGAACCCT
Reverse TGTCCTGCCGGCCCAAGAGA
Osterix Forward GCAAGCTTTCGCCACCATGGCGTCCTCTCTGCTTGAGGA
Reverse ATGAATTCTTCTATTATCAGATCTCTAGCAGGTTGC
BMP2 Forward TGGGTTTGTGGTGGAAGTGGC
Reverse TGGATGTCCTTTACCGTCGTG
OCN Forward GCCCTGACTGCATTCTGCCTCT
Reverse TCACCACCTTACTGCCCTCCTG
OPN Forward CCAAGCGTGGAAACACACAGCC
Reverse GGCTTTGGAACTCGCCTGACTG
GAPDH Forward GGC AAG TTC AAC GGC ACA G
Reverse CGC CAG TAG ACT CCA CGA CAT

the newly formed bone in the skull defect (pixel matrix,
1,024x1,024; slice increment 10 wm). Using Scanco software
(Scanco Medical AG), the region including the original defect
site and the surrounding tissue was circled carefully, and the
upper threshold of 225 and the lower threshold value of 90
were selected to perform three-dimensional reconstruction
of the sample. The new bone volume (BV) and new bone
mineral density (BMD) inside the original defect site were
quantitatively analyzed by uCT as previously described.*
In total, six parallel samples per group were analyzed, and
the results were expressed as the mean + SD values.

Histology analysis

The fixed tissue samples were decalcified in 10% EDTA
for 30 days and then embedded in paraffin. The embedded
sample was then cut into 4 um-thick sections. H&E stain-
ing was performed, and the samples were observed through
an inverted optical microscope (Nikon Corporation). Three
parallel samples per group were treated for histology analysis.

Statistical analysis

Quantitative analysis in this study was accomplished using
Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA).
All quantitative results were expressed as the mean + SD.
Statistical comparisons between the designated groups were
calculated using ANOVA with a statistical significance con-
fidence level >95% (P<<0.05).

Results and discussion

Physical characterization

The morphology of the optimized SCS scaffold was imaged
using SEM (Figure 2A). The SCS scaffolds showed a porous
structure composed of interconnected pores with a uniform

size of 300£12 um. An uneven surface with obvious parti-
cles buried in the pore walls of the SCS scaffold (Figure 2B)
could be found. Compared with the SCS scaffolds, the
SCS/P scaffold showed a rough surface with unopen pores
(Figure 2C). The PVA coating on the SCS/P scaffold cov-
ered the particles on the pore wall and formed a folded orifice
surface (Figure 2D). According to the section morphology
study of the SCS/P scaffold, the coated PVA did not affect
the inner structure of the porous scaffolds (Figure S1), and
the interconnected pores were beneficial to cells accessing
the inside of the scaffold and to commutation of the body
fluid.>” Owing to the water solubility of PVA, it could dis-
solve slowly in the surrounding liquid and then the pores on
the scaffold surface showed again. Meanwhile, the adhered
cells would enter into the scaffold. We further evaluated
the elemental distribution and composition of the surfaces
of the SCS and SCS/P scaffolds by EDS, respectively.
EDS mapping of the elemental distribution (Figure 2E)
suggested that the aggregation of Si and Ca elements on
the SCS scaffold surface appeared at the site where the
embedded particles existed. This result confirmed that the
particles buried in the pore walls of the SCS scaffold were
CS granules. After PVA coating, the distribution of Si and
Ca elements on the SCS/P scaffold surface seemed more
uniform, without remarkable aggregation. Additionally,
upon comparing the SCS scaffold with the SCS/P scaffold,
quantitative analysis of all the elements on the selected
scaffold surface (Figure 2F and G) showed a significant
decrease of the peak intensity of the Si and Ca elements,
which indicated that the surface of the SCS/P scaffold was
covered by a layer of PVA.
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Notes: SEM images of SCS (A and B) and SCS/P (C and D) scaffold. (E) Selected area on SCS and SCS/P scaffolds and the elemental distributions of C, O, Si, Ca. (F)
Quantitative analysis of all the elements on the SCS scaffold surface. (G) Quantitative analysis of all the elements on the SCS/P scaffold surface.
Abbreviations: SEM, scanning electron microscopy; SCS, silk/calcium silicate/sodium alginate; SCS/P, silk/calcium silicate/sodium alginate/PVA.

After a series of physical characterizations including
determination of the swelling and degradation ratio, pH,
and mechanical properties, the properties of the SCS/P
scaffolds were obtained (Figure 3). The SCS/P scaffold

was prepared from a hydrogel, so we investigated its swell-
ing and degradation ratio (Figure 3A and B). The results
showed that when immersed in PBS, the SCS/P scaffold
could rapidly adsorb the solution and increase its weight
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Notes: (A) Swelling ratio. (B) Degradation curve in PBS. (C) Degradation curve in protease XIV solution. (D) pH value changes. (E) Compressive stress-strain curve. The
dotted line stands for fitted line of function. (F) Compressive modulus and strength. *P<<0.05, compared with SCS group.
Abbreviations: SCS, silk/calcium silicate/sodium alginate; SCS/P, silk/calcium silicate/sodium alginate/PVA.

to the swelling ratio of 265%=13% by 12 hours, followed
by relatively slow swelling to 380%15% within 48 hours.
In comparison, swelling ratio of SCS scaffold was slightly
larger than SCS/P scaffold. According to the swelling
test, we found that after rehydration, both the SCS and
SCS/P scaffolds adsorbed PBS solution and became com-
posite hydrogels again, which means that the pores in the
lyophilized scaffolds disappeared after immersion in PBS
and were replaced by water. Actually, we believed that in
hydrated state, the structure differences between the SCS
and SCS/P would not be so high. Figure 3B demonstrates

that the degradation of the SCS/P scaffold in PBS increased
with time from 3.2% at 7 days to 50.7% at 28 days. When
immersed in protease XIV solution (Figure 3C), the deg-
radation of the SCS/P scaffold increased with time from
14.12% at 1 day to 27.34% at 5 days, which was similar
to the degradation rate of SCS scaffold. Generally speak-
ing, the PVA coating was not influential to the degradation
of the SCS and SCS/P scaffold; this is possibly because of
the water solubility of PVA. As the degradation rate was
vital to cell adhesion and differentiation, the degradation
rate of SCS/P is of possible benefit to bone differentiation.
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As shown in Figure 3D, the SCS/P scaffold showed stable
pH values at ~7.2 after soaking in PBS for 12 hours. In tis-
sue engineering, the pH of the culture environment required
by seed cells is generally 7.2—7.4. Stem cell behaviors
sensitively respond to pH changes. It has been reported that
BMSCs had lower osteogenic gene expressions at low pH,
while the ALP activity and gene expression was relatively
lower.?® Thus, the acidity and alkalinity of the scaffolds
also play an important role in regulating the proliferation
and differentiation of stem cells. Figure 3E and F showed
the mechanical properties of the SCS/P scaffold. There
is a linear relationship between the stress and strain of
the SCS/P within 50% deformation, as determined by a
constant-rate compression test. The elastic modulus of the
SCS/P was 0.39+0.02 MPa and the compressive strength
was 0.28+0.02 MPa with 50% deformation which was sig-
nificantly increased compared to those of the SCS scaffold.

As reported,* the mechanical properties of the porous scaf-
folds were closely related to their porosity. By reducing the
porosity, the mechanical strength of the scaffold was sig-
nificantly increased. According to our previous research,?
the incorporation of CS into the SCS scaffold could
significantly reduce the scaffold porosity and make its
porous structure dense, providing the silk scaffold with
better mechanical properties. Studies have shown that the
mechanical properties of materials also have an important
impact on stem cell differentiation.*' It is beneficial for the
osteogenic differentiation of BMSCs cultured on a biomate-
rial when the surface modulus is raised.*

Bioactivity of SCS/P scaffolds

From Figure 4A and B, we found that a layer clearly formed
on the surface of the SCS/P scaffold when the porous material
was soaked in SBF for 7 days, and rough structures could
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Figure 4 Bioactivity and biocompatibility of SCS/P composite scaffold.

Notes: (A) SEM image of SCS/P scaffold after immersed in SBF after 7 days. The region of interest is selected by a blue dashed outline and magnified in (B). (C) XRD spectra
of SCS/P scaffold immersed in SBF after 7 days (blue line) and untreated by SBF (yellow line). (D) Cell viability and (E) the fold change of BMSCs co-cultured with SCS and
SCS/P composite scaffolds. Cells cultured without SCS or SCS/P composite scaffolds were used as control (CON). *P<<0.05, compared with the corresponding data at day |.
Abbreviations: SCS/P, silk/calcium silicate/sodium alginate/PVA; SBF, simulated body fluid; CS, calcium silicate; HA, hydroxyapatite; CON, control; SCS, silk/calcium silicate/

sodium alginate; SEM, scanning electron microscopy; BMSCs, bone marrow stem cells.
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also be detected on the dense deposit layer. In Figure 4C,
@ indicated peaks belonging to CS while ® indicated peaks
belonging to HA. Compared to the XRD data of SCS/P
scaffold before and after soaking in SBF for 7 days, we
found that the intensity of peaks (20=22.8°, 27.5°, 30.4°)
belonging to CS was decreased; meanwhile, the intensity
of peaks (26=32.3°, 45.4°) belonging to HA was increased.
This result indicates that HA crystal formed on the surface
of SCS/P scaffolds. This result corroborated that the SCS/P
scaffold still showed a good biological activity after coat-
ing with PVA. The similar bioactivity of SCS scaffold was
confirmed in our previous study.?

Release kinetics of irisin from the i/SCS/P

scaffolds

The release kinetics of irisin from the i/SCS/P scaffold were
observed (Figure 5A). The i/SCS/P scaffolds displayed a
rapid initial-burst release of protein to 28% within the first
24 hours, followed by a gradual release of up to 50% lasting
another 6 days.
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Figure 5 (Continued)

In vitro biological investigations
Biocompatibility of the SCS and SCS/P scaffolds

The cytotoxicities of SCS and SCS/P were evaluated through
a cell counting kit-8 (CCK-8) assay (Figure 4D and E).
BMSCs were seeded into standard culture medium on the
culture plate with or without (control) indirect culture with
the scaffold placed in the transwell. For both the SCS and
SCS/P scaffolds, the BMSCs showed a stable increase of cell
proliferation over time. Significant proliferation of BMSCs
was found after incubation for 7 days, in contrast to the result
for the corresponding group at day 1 (P<<0.05). Similar cell
proliferation compared to that of BMSCs grown on the cul-
ture plate (control) could be found. Overall, this suggested
that the SCS/P scaffolds had good biocompatibility.

Effect of irisin on cell proliferation

To investigate the effect of irisin on cell proliferation,
BMSCs were cultured with different concentrations of irisin
for 1 day, 3 days, and 7 days, respectively. CCK-8 results
(Figure 5B and C) showed that, compared with the control (no
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E 4-hour collected
medium

Qi Fucn PR

Figure 5 Bioactive release of irisin from i/SCS/P scaffold.

12-hour collected 7-day collected
mediuvm

Notes: (A) Release kinetics of irisin from i/SCS/P. Effect of different concentrations of irisin on BMSCs proliferation was detected by CCK-8 and analyzed in OD values
(B) and fold changes (C) compared to the corresponding control group. At each scheduled time, BMSCs cultured in standard medium without irisin were taken as control.
(D) ALP activity assay. The i/SCS/P scaffold was immersed in culture medium for 4 hours, 12 hours, and 7 days, respectively. The extracts at different times were used to
culture BMSCs for 3 days and then treated with ALP activity assay. Culture medium with a same concentration of irisin, corresponding to what was calculated in the extract,
was used as positive control. *P<<0.05, compared with the corresponding positive control group. **P<<0.05, compared with the 4 hours and 12 hours collected medium.
(E) ALP staining at 7 days and (F) ARS staining at 28 days. BMSCs were cultured with the different extracts of i/SCS/P. BMSCs cultured with the extracts of SCS/P scaffolds
were used as control. Lower magnification images (scale bar: | mm) are shown in the upper panel. The region of interest is selected by a red or yellow box and magnified

with higher magnification (scale bar: 500 im) in the lower panel.

Abbreviations: CON, control; |, irisin; i/SCS/P, irisin-loaded silk/calcium silicate/sodium alginate/PVA; BMSCs, bone marrow stem cells; CCK-8, cell counting kit-8; ALP,
alkaline phosphatase; ARS, alizarin red S; SCS/P, silk/calcium silicate/sodium alginate/PVA.

irisin treatment), no significant change in cell proliferation
was found in the BMSCs treated with irisin. In other words,
irisin showed no cytotoxicity toward BMSCs.

Bioactivity of the released irisin

To evaluate whether the bioactivity of irisin was attenuated
after release from the i/SCS/P scaffold, the ALP activity
induced by the extracts of i/SCS/P in standard culture medium
respectively collected at 4 hours, 12 hours, and 7 days were
investigated. Equal amounts of irisin corresponding to the
different collection times were applied to BMSCs as positive
controls. ALP expression is an early marker of osteogenic
differentiation, while ALP activity reflects the ability of
osteoblasts to synthesize type I collagen and form bone

matrix.® As shown in Figure 5D, BMSCs incubated with
irisin released from i/SCS/P showed effective upregulation of
ALP activity with time. The collected 7-day extract induced
significant enhancement of the ALP activity collected at
4 hours and 12 hours. Moreover, compared with the posi-
tive controls, the medium containing equal amounts of irisin
corresponding to the 12-hour and 7-day collected medium
showed significant differences in ALP activity. It has been
speculated that loading into the SCS/P scaffold had no harm-
ful influence on the osteogenic ability of irisin, and there was
apossible synergistic effect between the SCS/P scaffold and
irisin contributed by the pro-osteogenesis capacity of the SCS
scaffold.?® The in vitro osteogenic differentiation induced
by the released irisin was visualized by ALP staining after
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7 days (Figure 5E). Compared with the control group (extract
of SCS/P), all extracts of the i/SCS/P scaffold collected at
different times showed stronger positive staining, appearing
dark purple, and the strongest result was found for the 7-day
collected medium. This result is mainly associated with the
highest concentration of irisin in the 7-day extract. Similar
results could be found from the ARS staining after 28 days
of culture (Figure 5F), which was used for visualization of
the mineralization in vitro. These results indicated that the
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bioactivity of the irisin released from the i/SCS/P scaffold
was not affected. Irisin may synergistically promote the
osteogenic differentiation of BMSCs in vitro along with the
SCS/P scaffold.

Relative gene expression of osteogenic markers

We conducted PCR analysis to examine the relative gene
expression of osteogenic markers induced in vitro by i/SCS/P
scaffolds (Figure 6). When BMSCs were cultured with the
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Figure 6 Relative gene expression of osteogenic markers.

Notes: BMSCs were cultured with the different extracts of i/SCS/P for 3 and 7 days, respectively. BMSCs cultured with the extracts of SCS/P scaffolds were used as control.
Relative gene expressions of RUNX-2, ALP, Osterix, BMP2, OCN, and OPN were determined by PCR. *P<<0.05, compared with the corresponding control group.
Abbreviations: BMSCs, bone marrow stem cells; i/SCS/P, irisin-loaded silk/calcium silicate/sodium alginate/PVA; SCS/P, silk/calcium silicate/sodium alginate/PVA.
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7-day extract of the i/SCS/P scaffold for 7 days, the gene
expression of all the osteogenic differentiation markers
increased significantly compared with those from the 7-day
extracts of the SCS/P scaffold (control group with no irisin
released) (P<<0.05). For the 12-hour collected medium, the
relative gene expression of Osterix, BMP2, and OCN after
3 days of culture were significantly promoted compared with
those of the control group (P<<0.05), while RUNX-2, Osterix,
BMP2, and OPN expressions were significantly promoted
after 7 days of culture (P<<0.05). For the 4-hour collected
medium, almost no significance could be found in compari-
son with the control group. The PCR results showed that
the 1/SCS/P scaffolds help promote the gene expression of
osteogenic differentiation markers of BMSCs, and the trend
was similar to those observed from the ALP activity assay and
staining, as well as from the ARS staining (Figure 5E and F).
These findings suggested that the i/SCS/P scaffolds were
capable of promoting the osteogenesis of BMSCs in vitro.

In vivo bone regeneration

UCT analysis

The morphology of the newly formed bone in the cranial
defect at 8 weeks post-implantation was reconstructed by
UCT (Figure 7A). The blank group, without an implanted
scaffold, showed nearly no new bone formation at § weeks.
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Without irisin loading, the SCS/P scaffolds also could induce
some trabecular bone formation at the defect site. The SCS/P
scaffold played a key role in bone conduction, providing
access and growth space for cells in the surrounding tissue
and, thereby, inducing the slow formation of new bone at the
defect site. According to our previous study,? the composi-
tion of the SCS/P scaffold could also promote osteogenesis.
Much more new bone was observed in the bone defect area
in the group with /SCS/P containing 100 ng irisin, which
showed that the bioactive factor, irisin, increased the healing
rate of the bone defect. With a further enhanced dosage of
irisin (200 ng) in the i/SCS/P scaffold, the volume of newly
formed bone protruding into the bone defect was further
increased, and the defect was nearly completely repaired.
Moreover, quantification of the newly formed bone provided
support for the results of the uCT images (Figure 7B and C).
The new BV and BMD were significantly higher in the irisin-
loaded groups compared to those in the blank and SCS/P
scaffold groups (P<0.05).

Histology

Correspondingly, H&E staining images of the new bone
formation induced by the above four groups are presented
in Figure 8. The blank group with no implant formed
fibrous tissue at the defect site at 8 weeks. There was only
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Figure 7 Evaluation of new bone formation in calvarial defects at 8 weeks post-implantation via uCT.

Notes: (A) Representative LCT images of calvarial defects showing mineralized bone formation after treatment with no implant (blank), SCS/P scaffold (0), i/SCS/P containing
100 ng irisin (100), and i/SCS/P containing 200 ng irisin (200), respectively. The yellow circle indicates the original defect margin. Scale bar: | mm. Quantitative analysis of (B)
the volume of the regenerated BV and (C) BMD. *P<<0.05, compared with blank and 0 groups.

Abbreviations: LCT, microcomputed tomography; SCS/P, silk/calcium silicate/sodium alginate/PVA; i/SCS/P, irisin-loaded silk/calcium silicate/sodium alginate/PVA; BV, bone

volume; BMD, bone mineral density.
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Figure 8 Histological sections stained with H&E.
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Notes: Scaffolds in different groups were implanted at the calvarial defects for 8 weeks. (A) No implant. (B) SCS/P scaffold. (C) i/SCS/P containing 100 ng irisin. (D) i/SCS/P
containing 200 ng irisin. The first panel images showed the whole view of the operation site. Higher magnification (x25) of the boxed area is displayed for margin of the defects
(green dotted lines) and center of the defects (blue dotted lines). Black arrows represent new blood vessels and endotheliocytes.

Abbreviations: SCS/P, silk/calcium silicate/sodium alginate/PVA; i/SCS/P, irisin-loaded silk/calcium silicate/sodium alginate/PVA.

a small amount of new bone formation at the margins of
the defect (Figure 8A). In the SCS/P group (Figure 8B),
with the empty SCS/P scaffolds implanted, no obvious new
bone but many new blood vessels could be found within
the defect area, which predicted that although the SCS/P
scaffold did not have enough osteoinductive capacity, it was
biocompatible and provided a satisfactory porous structure
for cell ingrowth and formation of a microvessel network.
More newly formed bone was integrated with the native
bone tissue compared with the result in the blank group. In
the 100 ng irisin-containing group (Figure 8C), there was a
remarkable layer of new bone formed. There was almost no
material remaining but was still some unrepaired area. With
the increase of irisin to 200 ng per scaffold (Figure 8D),
the defect was fully bridged with a larger amount of new
bone formation at 8§ weeks. The boundary between the
new bone and native bone could not easily be found, and
plenty of vasculogenesis occurred at some sites in the bone
trabecular, with the appearance of a few endotheliocytes.
It has been reported that irisin could induce and promote
angiogenesis through the extracellular-signal-regulated

kinase signaling pathway in vitro and in vivo.** As a
result, in the group with the 200 ng irisin-loaded SCS/P
scaffolds, the quickest bone formation rate accompanied
by the best bone quality was not only attributed to the good
biocompatibility and suitable structure of the SCS/P scaf-
fold but also to the pro-osteogenesis and pro-angiogenesis
effects of irisin.

Conclusion

i/SCS/P scaffolds were developed in this study with SF, CS,
and SA for irisin loading, followed by coating with PVA,
which was considered to be useful for bone regeneration. The
porous SCS/P scaffolds showed ~50% degradation after 28
days in PBS and a stable pH value of 7.2, which was suitable
for cell growth. Meanwhile, the controlled release of irisin
from the SCS/P scaffold was realized. From the in vitro
experiment, we found that the released irisin from the SCS/P
scaffold was maintained bioactive and capable of promoting
osteogenic differentiation of BMSCs. Moreover, the i/SCS/P
scaffold induced more regenerated bone with better quality
after 8 weeks in vivo. Overall, the i/SCS/P system possessed
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osteoinductive capability to regulate biomineralization and

improve bone regeneration.
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Figure S1 SEM image of cross section of the SCS/P scaffold.
Abbreviations: SEM, scanning electron microscopy; SCS/P, silk/calcium silicate/sodium alginate/PVA.
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